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Abstract The Notch signaling pathway is an important
regulation system for the development and self-renewal of
different tissues. A speciﬁc feature of this signaling cas-
cade is the function of Notch as a surface receptor and
regulator of gene expression. Hence, Notch activation and
signal transduction requires the proteolytic release of the
Notch intracellular domain (NICD), which activates the
transcription of cell-speciﬁc genes after its transport into
the nucleus. To date, little is known about the mechanisms
that mediate NICD nuclear import. We here show that
transport of NICD into the nucleus is mediated by the
canonical importin a/b1 pathway. GST pull-down
experiments revealed that NICD binds via one of its four
potential nuclear localization signals to importins a3, a4,
and a7, but not to a1 and a5. siRNA-mediated knockdown
experiments showed that importins a3, a4 (and to a lesser
extent, a7) mediate nuclear import of NICD and thus are
directly involved in Notch signaling.
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Abbreviations
ADAM A disintegrin and metalloproteinase
GST Glutathione-S-transferase
KD Knockdown
NICD Notch intracellular domain
NLS Nuclear localization signal
TACE Tumor necrosis factor-a-converting enzyme
Introduction
The Notch signaling pathway is essential for numerous
developmental decisions in all parts of the body and is
conserved from invertebrates to vertebrates [1]. In mam-
mals, the Notch family consists of four isoforms, Notch1-4
[2], that function as both transmembrane receptors and
transcriptional modulators. Signaling is initiated by ligands
of the DSL (Delta/Serrate/LAG-2) family, membrane
proteins located on adjacent cells. Binding of the ligand
induces a conformational change that exposes a cleavage
site to ADAM (a disintegrin and metalloproteinase)
17/TACE (tumor necrosis factor-a-converting enzyme) that
leads to removal of most of the Notch extracellular domain.
The remaining membrane-anchored fragment termed
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intramembrane proteolytic cleavage resulting in liberation
of a small peptide into the extracellular space [3] and the
Notch intracellular domain (NICD) into the cytoplasm [4].
Upon nuclear translocation, NICD cooperates with CSL
(CBF1/Su(H)/LAG-1), Mastermind, and coactivators to
induce transcription of target genes. Regulation of Notch
signaling takes place at various stages and by different
means. Posttranslational modiﬁcations and trafﬁcking
events regulate Notch activity, for example by ubiquiti-
nylation and subsequent endocytosis [5]. Within the
nucleus, Notch activity is modulated by chromatin and
histone modiﬁcations [for review see 6]. In general, the
regulation of nuclear transport has been shown to be
important for transcriptional regulation in development and
disease [7, 8], but whether this applies to Notch signaling
as well has yet to be demonstrated. In that respect, the
PI3K/Akt pathway has been implicated in nuclear trans-
location of NICD, suggesting that phosphorylation
modulates nuclear import [9, 10]. Typically, transport of
large molecules into the nucleus is mediated by a hetero-
dimeric complex of importin a and b1[ 11]. The adaptor
protein importin a binds to classical nuclear localization
signals (NLSs) on cargo molecules, whereas the transport
receptor importin b1 mediates translocation through the
nuclear pore complex. Five importin a family members
have been identiﬁed in mouse: importins a1, a3, a4, a5,
and a7. In humans, there is an additional importin a6.
In this study, we provide for the ﬁrst time evidence that
importins a3, a4, and a7, adapter proteins in the classical
importin a/b1 transport pathway, mediate the nuclear
import of NICD in mouse myoblast and human HeLa cells.
Materials and methods
Antibodies
The following antibodies were used. Rabbit anti-cleaved
Notch1 (Val1744; Cell Signaling Technology), rat anti-
importin a1 (1A6; Sigma), goat anti-importin a3 (Everest
Biotech), goat anti-importin a4 (Everest Biotech), rabbit
anti-importin a7[ 12], mouse anti-importin b1 (3E9;
Dianova), mouse anti-myc (9E10; Santa Cruz Biotech-
nology), rabbit anti-beta Actin (ab8227; Abcam), goat
anti-GST (GE Healthcare) and normal goat IgG (Santa
Cruz Biotechnology). In Western blotting, secondary
horseradish peroxidase-conjugated anti-mouse and
anti-rabbit (Promega), anti-goat and anti-rat (Santa Cruz
Biotechnology) immunoglobulins were used. Secondary
anti-rabbit or anti-goat antibodies conjugated to ﬂuoro-
phore Alexa 488/555 for immunoﬂuorescence were
purchased from Invitrogen.
Cell lines and transfections
HeLa Kyoto cells and mouse myoblast C2C12 cells were
kindly provided by Rainer Pepperkok (EMBL, Heidelberg)
and Ru ¨diger Rudolf (Forschungszentrum Karlsruhe,
Eggenstein-Leopoldshafen), respectively. Cells were grown
in standard culture conditions with Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. For stable
transfections of HeLa Kyoto and HEK293 cells Lipofect-
amine 2000 (Invitrogen) was used according to the
manufacturer’s instruction. Transfections of C2C12 cells
were performed with a 2:1 ratio (ll/lg) of Lipofectamine
2000 to plasmid DNA immediately after plating freshly
trypsinized cells.
Plasmids and DNA manipulations
NotchDE without the RAM and PEST domain tagged
C-terminally with 6 myc-tags (pCS2
? N
DE(DRAM), derived
from mouse Notch1) [4] was obtained from Raphael Kopan
(Washington University, St. Louis, USA). To clone
NotchDE without tag and with EGFP-tag (NotchDE-
EGFP), standard PCR was performed using the forward
primer 50-GGATCCACTAGTAACGGCCG-30 (binds to
pCS2
? vector sequences upstream of the 50-UTR and sig-
nal sequence of Notch1) and reverse primer either with
stop codon (underlined) 50-TCTAGATTACTCGAG
CTGTCCAACAGGCAG-30 or without 50-TCTAGAC
TCGAGCTGTCCAACAGGCAG-30. Both products were
cloned into BamHI/XbaI sites of pcDNA3.1/Hygro(?)
(Invitrogen). EGFP was ampliﬁed from pEGFP-N1
(Clontech) and subsequently cloned C-terminally of
NotchDE. To create NLS mutations in NotchDE we used
QuikChange
TM site-directed mutagenesis kit (Stratagene).
The primers used are 50-GGAGACGAAGACCTGGAGA
CCGCCGCATTCGCCTTTGAGGAGCCAGTAGTTCTC
C-30 (mNLS3), 50-CTCAAGTCTGCCACACAGGGCGCC
GCTGCCGCCGCACCCAGCACCAAAGGGCTGGC-30
(mNLS4a) and 50-GCAAGGAAGCTAAGGACCTCGC
CGCAGCCGCTGCCGCCTCCCAGGATGGCAAGGGCT
GCC-30 (mNLS4b). Mouse NICD as well as importin a1,
a3, a4, a5 and a7 genes were ampliﬁed from C2C12 cDNA
using the following forward and reverse primers: NICD
(GenBank
TM accession number NM_008714) 50-GGAT
CCAGGTGCTGCTGTCCCGCAAGCG-30 and 50-GTCG
ACTTATTTAAATGCCTCTGGAATGTGGGTG-30; im-
portin a1 (Kpna2, GenBank
TM accession number NM_
010655) 50-GGATCCAGATGTCCACGAACGAGAATG
CTAA-30 and 50-CTCGAGTTAGAAGTTAAAGGTCC
CAGGAGCTCC-30; importin a3 (Kpna4, GenBank
TM
accession number NM_008467) 50-GGATCCAGATG
GCGGACAACGAGAAATTGGAC-30 and 50-CTCG
3188 K. Huenniger et al.AGCTAAAACTGGAACCCCTCTGTTGGTAC-30; im-
portin a4 (Kpna3, GenBank
TM accession number
NM_008466) 50-GGATCCAGATGGCCGAGAACCCCG
GCTTG-30 and 50-CTCGAGTTAGAAATTAAATTCT
TTTGTTTG-30; importin a5 (Kpna1, GenBank
TM acces-
sion number NM_008465) 50-GGATCCAGATGTCCAC
ACCAGGAAAAGAG-30 and 50-CTCGAGTCAAAGCTG
GAAACCTTCCATAG-30; importin a7 (Kpna6, Gen-
Bank
TM accession number NM_008468) 50-GGATC
CAGATGGAGACCATGGCAAGCCC-30 and 50-CTCG
AGCTATTATAGCTGGAAGCCCTC-30. Restriction sites
in all primers are in bold. PCR products were subsequently
cloned into pGEX-5X-1 (Amersham Biosciences). To
create mNLS3 in GST-tagged NICD, the primers described
above were used. The luciferase-based Notch reporter
(129CSL-Luz) was constructed by inserting a 129CSL
promoter cassette into pGL4.20 (Promega). The promoter
cassette was cut out from 129CSL-DsRed Express DR
construct [13] (kindly provided by Urban Lendahl,
Karolinska Institute, Stockholm) with XbaI/HindIII and
ligated into pGL4.20 cut with NheI/HindIII. NICD-myc
[10] and human Delta1 were kindly provided by Incheol
Shin, Hanyang University, Seoul and Falk Fahrenholz,
Universita ¨t Mainz, respectively.
Recombinant expression and puriﬁcation of proteins
Glutathione-S-transferase (GST) protein and GST fusion
proteins were expressed in Escherichia coli Rosetta cells at
25C for 2 h with 0.1 mM isopropyl-b-D-thiogalacto-
pyranosid induction. Bacteria were lysed in phosphate
buffered saline (PBS) and protease inhibitor mix (Sigma)
by sonication and clariﬁed by centrifugation (12,000 rpm,
15 min, 4C). Bacterial cell extracts containing GST pro-
tein or GST fusion proteins were allowed to bind to
Glutathione Sepharose
TM 4 Fast Flow beads (GE Health-
care) in PBS with rotation at 4C for 60 min, followed by
three times washing with PBS. His-importin a1 (human
KPNA2) [14], His-S-importin b1[ 15], His-transportin [16]
and wild type Ran [17] were expressed and puriﬁed as
described.
In vitro nuclear import assays
Nuclear import assays of NICD in digitonin-permeabilized
HeLa cells were essentially performed as described [18].
Import mixtures contained 200 nM of GST-NICD, 30 lM
BSA, 4 lM Ran, an ATP regenerating system (1 mM ATP,
5 mM Kreatinphosphat, 20 U/ml Kreatinphosphatkinase)
and500nMofHis-taggedimportinsortransportin.Afterthe
reaction, cells were washed with transport buffer (20 mM
HEPES pH 7.3, 110 mM KOAc, 2 mM Mg(OAc)2,1m M
EGTA,2 mMDTT,proteaseinhibitormix),ﬁxedwith3.7%
formaldehyde and subjected to indirect immunostaining
using anti-GST and donkey anti-goat Alexa 488 antibodies
as well as DAPI to stain DNA. For quantitation of import
efﬁciencies, a Cell Proﬁler Pipeline for automated analysis
was used [19]. Brieﬂy, DAPI ﬂuorescence was used for
single-celldiscriminationandcreationofimagemasksofthe
nuclear area. The nuclear image masks were then used to
measure the nuclear EGFP signal that corresponds to the
amount of imported protein.
Preparation of lysates
Cells were lysed in STEN lysis buffer (50 mM Tris pH 7.6,
150 mM NaCl, 2 mM EDTA, 1% NP40 and protease
inhibitor mix) on ice for 30 min. Cell debris was removed
by centrifugation (13,000 rpm, 15 min, 4C). Cell lysates
for GST pull-down and immunoprecipitation experiments
were diluted with 19 STE (50 mM Tris pH 7.6, 150 mM
NaCl, 2 mM EDTA and protease inhibitor mix) to achieve
a ﬁnal concentration of 0.5% NP40. Homogenization of
mouse skeletal muscle was performed with a ratio of
100 mg tissue to 1 ml STEN lysis buffer using a syringe,
and debris was removed by centrifugation (13,000 rpm,
15 min, 4C).
Importin binding assay, immunoprecipitation,
SDS-PAGE, and Western blotting
For GST pull-down experiments, Glutathione Sepharose
TM
beads alone or loaded with GST protein or GST fusion
proteins were mixed with cell lysate and rotated at 4C for
2 h, followed by three times washing with 19 STEN
(50 mM Tris pH 7.6, 150 mM NaCl, 2 mM EDTA, 0.2%
NP40 and protease inhibitor mix). Sepharose
TM beads were
dissolved in 29 Laemmli sample buffer and the proteins
were separated on SDS-PAGE. Gels were cut at appropriate
positionsandeitherstainedwithCoomassieBrilliantBlueor
transferred onto PVDF membranes and blotted with anti-
bodies as indicated. For immunoprecipitation experiments,
Protein G Sepharose
TM (GE Healthcare) was incubated with
1 lgofgoatanti-importina4antibodyornormalgoatIgGin
STEN lysis buffer containing 0.5% NP40 for 2 h. The beads
were then mixed with lysate of C2C12 cells transiently
transfected with NICD-myc and rotated overnight at 4C,
followed by three times washing with 19 STEN. Proteins
were separated on SDS-PAGE and Western blotting was
performed using indicated antibodies.
siRNA
The following siRNAs were purchased from Dharmacon.
ON-TARGETplus siRNAs for mouse importins: Non-tar-
geting siRNA pool, D-001810-10; importin a1, L-041791-
Nuclear import of Notch 318900; importin a3, L-058423-01; importin a4, L-058757-01;
importin a7, L-047028-01; importin b1, L-058740-00.
siGENOME siRNAs for human importins: Non-Targeting
siRNA Pool #2, D-001206-14; importin a1, D-004702-02;
importin a3, D-017477-01; importin a4, D-011306-01;
importin a7, D-017295-01; importin b1, D-017523-01.
Automated microscopy
HeLa Kyoto cells stably transfected with NotchDE-EGFP
were reverse transfected with appropriate siGENOME
siRNAs according to the manufacturer’s instruction. A
mixture of siRNA (ﬁnal concentration 25 nM) and Dhar-
mafect 1 (Dharmacon) (0.1 ll per well) diluted in OPTI-
MEM was aliquoted in 384 well microtiter plates. Cells
diluted in DMEM supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin were added to the
wells at a concentration of 1.750 cells per well. To inhibit
c-secretase DAPT (ALX-270-416, Alexis Biochemicals)
was used at a concentration of 1 lM. After incubation for
60 h the cells were ﬁxed with 4% PFA and stained with
DAPI. Images were acquired on an ArrayScan VTi auto-
mated imaging platform (Thermo Scientiﬁc Cellomics) and
analyzed with the ‘‘CompartmentalAnalysisV3’’ BioAp-
plication of the platform. For Fig. 1b, images were taken
manually from HeLa Kyoto cells plated on coverslips and
transiently transfected with NotchDE constructs and ana-
lyzed as described above.
Reporter assays
C2C12 cells (6-cm dishes) were transfected with 200 pmol
of appropriate ON-TARGETplus siRNAs and transfected
again after 24 h with 4 lg of total DNA containing 2 lgo f
reporter construct 129CSL-Luz, 2 lg of Delta1 cDNA,
and 40 ng of pGL4.74 (Promega) as an expression control.
After a further 24 h, analysis was performed using the
Dual-Luciferase
 Reporter Assay System (Promega)
according to the manual.
Quantitative real-time PCR
Total RNA from C2C12 cells was isolated using Nucleo-
Spin
 RNA II kit (Macherey–Nagel, Germany). Then 2 lg
RNA was reverse-transcribed using the Transcriptor High
Fidelity cDNA Synthesis Kit (Roche, Germany) for ﬁrst-
strand cDNA synthesis with 2.5 lM oligo(dT)18 primer
according to the manufacturer’s protocol. All cDNA sam-
ples were diluted with RNase-free water before being used
as template in quantitative real-time PCR (RT-qPCR)
analysis. RT-qPCR was performed using an iCycler (Bio-
Rad, USA) and the SYBR Green SensiMix
TM dT (Quan-
tace, Germany). Ampliﬁcation was carried out in 20-ll
reaction mixtures containing 5 ll of diluted cDNA tem-
plate and 2.5 lM of each primer. The following primers
were used: Hey1: 50-TGAGCTGAGAAGGCTGGTAC-30
and 50-ACCCCAAACTCCGATAGTCC-30; cyclophilin D
(housekeeping gene for normalization): 50-GCAAGGAT
GGCAAGGATTGA-30 and 50-AGCAATTCTGCCTGG
ATAGC-30. Thermocycling conditions were set as an ini-
tial polymerase activation step at 95C for 10 min,
followed by 45 cycles at 95C for 15 s, at 55C for 30 s,
and at 72C for 20 s and ﬂuorescence measurement.
Samples were analyzed in triplicate and a dilution series
was used in each run to determine the PCR efﬁciency for
each primer pair.
Microscopy
Immunoﬂuorescence was performed using standard proto-
cols [20]. Cells were analyzed on a Zeiss Axiovert 200
microscope (Carl Zeiss AG, Jena, Germany) equipped with
a6 3 9/1.25 and a 209/0.7 objective and standard FITC and
TRITC ﬂuorescence ﬁlter sets, using an Axiocam Mrm
Camera and AxioVision software. Images were assembled
and processed using Adobe Photoshop.
Results
The importin a/b1 pathway mediates nuclear import
of NICD in vitro
To address the question of how NICD is imported into the
nucleus, we ﬁrst analyzed if transport of NICD could be
mediated by the classical importin a/b1 pathway (Fig. 1a).
In digitonin-permeabilized cells, a combination of importin
a1 and importin b1 promoted efﬁcient import of GST-
NICD into the nucleus. Importin a1 or importin b1 alone,
by contrast, had only a small or no stimulatory effect on
nuclear import of GST-NICD. Likewise, transportin, an
alternative nuclear transport receptor [21], did not stimu-
late nuclear import of GST-NICD. These data suggested
that the importin a/b1 dimer is a major import receptor for
NICD.
NICD contains one canonical nuclear localization
signal
The results described above suggest that NICD contains a
classical nuclear localization signal (NLS) that is recog-
nized by the adaptor protein importin a. Notch1 nuclear
localization signals have been described and, in some
instances, analyzed by mutagenesis [22–27]. However, a
single NLS responsible for nuclear import was not identi-
ﬁed. Taking these reports into account, and scanning the
3190 K. Huenniger et al.NICD sequence, revealed four putative NLSs, with 1–3
being putative monopartite, 4 being a putative bipartite
NLS (Fig. S1A). To analyze individually the impact of
each of these NLSs on nuclear import of NICD, mutations
were introduced as depicted in Fig. S1A. NLS1 and 2 were
already deleted in the NotchDE construct we used for our
analyses (see experimental procedures). Because the NICD
of this construct localized to the nucleus, NLS1 and NLS2
are not essential for nuclear import of NICD. In mNLS3,
all three amino acids constituting the consensus motif of a
classical NLS (K{K/R}X{K/R}, [28]) were mutated to
alanines, in mNLS3KF/LE mutations were introduced as
described in [24]. Transfection of NotchDE with and
without NLS mutations in HeLa cells followed by immu-
noﬂuorescence staining revealed that mutation of
NLS4a ? b did not inhibit NICD nuclear import (Fig. 1b).
In contrast, partial (mNLS3KF/LE) as well as complete
mutation of NLS3 (mNLS3) resulted in a strongly reduced
nuclear NICD staining, irrespective of an intact or mutated
NLS4 (Fig. 1b). Similar observations were made in the
Fig. 1 NICD is imported into
the nucleus via the canonical
importin a/b1 pathway and a
classical NLS. a Digitonin-
permeabilized HeLa cells were
incubated with GST-NICD as
well as Ran (ctrl) and with
human importin a1, importin b1
or transportin (transp.) as
indicated. After indirect
immunoﬂuorescence with anti-
GST antibodies and DAPI to
stain DNA, cells were imaged
under identical conditions by
ﬂuorescence microscopy. The
mean nuclear ﬂuorescence of
250–379 cells per condition is
depicted and was set to 0 in the
control (ctrl). Error bars
indicate the variation from the
mean. AU, arbitrary units. The
small stimulation of nuclear
import by importin a1 alone
probably results from residual
importin b1 that is not removed
from the permeabilized cells
[35]. b NotchDE or NotchDE
with NLS mutations as detailed
in Fig. S1A were transfected in
HeLa cells, ﬁxed after 24 h and
immunostained with NICD-
speciﬁc antibody. DNA was
stained with DAPI. The ratio
EGFPnuc/EGFPenuc was
determined as depicted in
Fig. 3b. Displayed is the
log(ratio), error bars indicate
SEM of 120–200 cells per
condition. Nuc, nuclear; enuc,
extra-nuclear. Scale bar,1 0lm
Nuclear import of Notch 3191myoblast cell line C2C12 (Fig. S1B), demonstrating that
the results are not cell type-speciﬁc. These data
suggested that NLS3, which is conserved in mammalian
Notch1 from different species (Fig. S1C), is responsi-
ble for importin a/b1-mediated nuclear transport of
NICD.
NICD binds to GST-importins a3, a4, and a7
To ﬁnd out which importin a isoforms are involved in
the translocation of NICD, we performed pull-down
assays with GST-importins a1, a3, a4, a5, and a7 fusion
proteins. As source of NICD HEK293 cells stably
expressing NotchDE were used. Figure 2a demonstrates
that GST-importins a3, a4, and a7 precipitated NICD,
whereas a1 and a5 did not show any afﬁnity to NICD.
Recombinant expression of GST-importin a4 yielded
only limited amounts of protein, but nevertheless pulled
down robust amounts of NICD, suggesting a high afﬁnity
to NICD. GST-importin a7, on the other hand, pulled
down NICD less efﬁciently. These data suggested that
importins a3, a4, and a7 are able to bind NICD,
a4 having the strongest, a7 the weakest afﬁnity in vitro
(Fig. 2a).
Importins a3, a4, and a7 bind to GST-NICD
We next tested whether the interaction between NICD
and importins could also be demonstrated by the reci-
procal approach. We therefore prepared NICD and its
NLS3-mutant as GST-fusion proteins and tested which of
the importin a family members could be pulled down
from a C2C12 myoblast cell lysate. GST-NICD demon-
strated robust binding of endogenous importins a3, a4,
and a7, whereas a1 was not pulled down (Fig. 2b). As is
shown in Fig. 2a, the strongest afﬁnity was found
between a4 and NICD, and the least afﬁnity for a7, as is
indicated by the ratio input/pull-down. GST-NICD
mutated in NLS3 did not pull down signiﬁcant amounts
of any of the importins, conﬁrming the results from
Fig. 1b. In a similar approach, we used mouse skeletal
muscle lysate (Fig. 2b). GST-NICD precipitated robust
amounts of importins a3 and a4 and to a lesser extent
a7, but not a1. Due to a lack of speciﬁc antibodies,
importin a5 was excluded from further analysis. The
GST pull-down data were veriﬁed by a co-immunopre-
cipitation approach. Immunoprecipitation using importin
a4-speciﬁc antibodies, but not control IgG, co-precipi-
tated signiﬁcant amounts of NICD-myc in transiently
transfected C2C12 cells (Fig. 2c). Taken together, our
results suggested that importins a3, a4, and a7 bind with
descending afﬁnity to NICD and that this binding is
dependent on NLS3.
Importins a3, a4, and a7 mediate nuclear import
of NICD in vivo
Our in vitro import assay clearly established the importin
a/b1 dimer as a major import receptor for NICD. In the
absence of competing import substrates, the speciﬁc iso-
form (a1) that was used in these assays promoted transport
Fig. 2 NICD in vitro binds to importins a3, a4, and a7. a GST pull-
down assays were performed with lysate of HEK293 cells stably
transfected with NotchDE and puriﬁed recombinant GST-importins as
indicated. Proteins were separated on SDS-PAGE, blotted and labeled
with NICD-speciﬁc antibody (top) or stained with Coomassie
Brilliant Blue (bottom). b Using puriﬁed recombinant GST-NICD,
pull-down assays were performed from lysates of C2C12 cells (left)o r
mouse skeletal muscle (right). Lysates, pull-down, and as controls
pull-down with GST protein and GSH-beads were separated on SDS-
PAGE, blotted, and labeled with importin-speciﬁc antibodies as
indicated (top, WB) or gels were stained with Coomassie Brilliant
Blue (bottom). Asterisk, unspeciﬁc bands; WB, Western blot. c For co-
immunoprecipitation experiment (Co-IP) C2C12 cell lysate tran-
siently transfected with NICD-myc was immunoprecipitated with
anti-importin a4 antibody or normal goat immunoglobulins. Lysate
and Co-IPs were separated on SDS-PAGE, blotted, and labeled with
importin a4- and myc-speciﬁc antibodies
3192 K. Huenniger et al.of NICD. In our binding assays, on the other hand, where
many competing substrates were present in the cell lysates,
importin a1 did not interact with NICD. To identify the
importin a isoform that is responsible for nuclear import of
NICD in living cells, we therefore performed siRNA-
mediated knockdown (KD) experiments and directly
visualized NICD nuclear import using HeLa Kyoto cells
stably expressing NotchDE-EGFP. In untreated cells,
NotchDE-EGFP is processed to NICD-EGFP by c-secre-
tase and imported into the nucleus, resulting in a nuclear
EGFP staining in all cells (Fig. 3a). When c-secretase was
inhibited pharmacologically by DAPT or nuclear import
was inhibited by siRNA-mediated downregulation of im-
portin b1, EGFP-labeled NotchDE or NICD accumulated
outside the nucleus at the plasma membrane and in the
cytoplasm, respectively (Fig. 3a). HeLa Kyoto NotchDE-
EGFP cells were transfected with importin siRNAs and
nuclear versus extra-nuclear EGFP ﬂuorescence was
determined using automated microscopy (scheme in
Fig. 3b). As control, the reduced ratios of nuclear/extra-
nuclear ﬂuorescence indicated that in DAPT treated and
importin b1 KD cells nuclear transport of NICD was
Fig. 3 NICD import in vivo
depends on importins a3, a4,
and a7. a HeLa Kyoto cells
stably expressing NotchDE-
EGFP, a direct substrate for
c-secretase (scheme on the left)
show nuclear NICD-EGFP
staining (ctrl). Upon KD of
importin b1 or incubation with
the c-secretase inhibitor DAPT
NICD accumulates outside the
nucleus (asterisks) in the
cytoplasm (arrows) and at the
plasma membrane
(arrowheads), respectively.
Scale bar,1 0lm. b Scheme of
automated image analysis after
importin isoform KD. In
untreated cells, most EGFP-
ﬂuorescence is in the nucleus,
resulting in a high nuclear/extra-
nuclear (EGFPnuc/EGFPenuc)
ratio. Inhibition of nuclear
import, as shown for example
by importin b1 KD, results in a
low EGFPnuc/EGFPenuc ratio.
Scale bar,2 0lm. c Result of
automated analysis of six
independent experiments. The
ratio EGFPnuc/EGFPenuc in
untreated cells (ctrl) was set to
100%, the ratios of siRNA-
transfected cells were related
accordingly. In each
experiment, more than 250 cells
per condition were measured.
Shown are means ± SD.
Asterisks indicate signiﬁcance
(p\0.05, Student’s t test).
d Western-blot analysis of
importin KD efﬁciency and
speciﬁcity. HeLa Kyoto cell
lysates were separated on SDS–
PAGE, blotted, and probed for
antibodies as indicated
Nuclear import of Notch 3193strongly impaired (Fig. 3c). Likewise, KD of importins a3,
a4, and a7 showed a signiﬁcant inhibition of nuclear
import, in line with the in vitro data in Fig. 2a, b. In con-
trast, KD of importin a1 had no effect on transport of NICD
into the nucleus, again conﬁrming the in vitro data in
Fig. 2a, b. Speciﬁcity and efﬁciency of the siRNAs was
demonstrated in Fig. 3d. KD of importin a1 reproducibly
led to a slight upregulation of a3, suggesting a compen-
satory mechanism. Taken together, these data indicated
that nuclear import of NICD in mammalian cells is medi-
ated by importins a3, a4, and a7.
Importins a3, a4, and a7 mediate Notch signaling
in myoblasts
Having shown in vitro and with exogenous NICD that
importins a3, a4, and a7 are responsible for the nuclear
import of NICD, we next tested if also endogenous Notch
signaling was mediated by these isoforms. To this end, we
used C2C12 cells, an established myoblast cell line with
endogenous Notch signaling [29]. Undifferentiated C2C12
cells were ﬁrst transfected with siRNA against importin
isoforms. After 24 h, cells were co-transfected with a
luciferase-based Notch reporter construct and, to stimulate
signaling, with Delta1 cDNA. After another 24 h, cells
were processed for luciferase assay (Fig. 4a). This activa-
tion was completely blocked by c-secretase inhibitor
DAPT, demonstrating the suitability of the assay (Fig. 4a).
As expected, KD of importin a1, shown above to not
interact with NICD, had no effect on Notch activity. KD of
importins a3 and a4 showed no decrease in Notch activity,
KD of importin a7 even an increase. This suggested that
importins a3 and a4 are redundant, and that KD of importin
a7 has other effects on Notch signal transduction, for
example blocking the nuclear import of an inhibitor or co-
repressor. Indeed, the double KD of a3/4 and a3/7 as well
as the triple KD of a3, a4 and a7 importin isoforms sig-
niﬁcantly inhibited endogenous Notch activity, whereas
KD of a4/7 showed a moderate reduction of Notch activity
(Fig. 4a). Interestingly, the KD of importin b1 lead to a
similar increase in Notch signal transduction as the KD of
importin a7, suggesting that also in this case the reduced
import of an inhibitor or co-repressor has a larger impact
than reduction of NICD nuclear transport. All siRNAs
speciﬁcally and efﬁciently downregulated their target im-
portin isoform, also when two or three siRNAs were used
in combination (Fig. 4b). Further evidence for an
involvement of importins a3, a4, and a7 in Notch signaling
came from the analysis of a downstream Notch-target.
Hey1, also called HERP2, is a transcription factor that is
upregulated by Notch signaling [29, 30]. First C2C12 cells
were transfected with control siRNA or siRNAs against
importins a3, a4, and a7, followed by an induction of Hey1
expression by transfection of Delta1 cDNA. After treat-
ment with DAPT Hey1 expression was downregulated to
20% of the induced level, showing its Notch-dependence.
Treatment with siRNAs against importins a3, a4, and a7
led to a downregulation of Hey1 expression, suggesting
that Notch could no longer induce Hey1 expression
because import of NICD is inhibited (Fig. 4c).
Fig. 4 Endogenous Notch signaling in myoblasts is mainly mediated
by importins a3 and a4. a C2C12 cells transfected with siRNAs
against importin isoforms as indicated were transfected with or
without Delta1 cDNA and Notch reporter construct. The c-secretase
inhibitor DAPT was used to show c-secretase dependency of the
measured Notch activity. Fireﬂy/renilla activities were determined
and the activity in Delta1 transfected cells set to 100%. Means ± SD
of ﬁve independent experiments are shown. Asterisks indicate
signiﬁcance (p\0.05, Student’s t test). b Western-blot analysis of
importin KD efﬁciency and speciﬁcity. C2C12 cell lysates were
separated on SDS-PAGE, blotted, and probed with antibodies as
indicated. c C2C12 cells were transfected with control (ctrl) siRNA or
pooled siRNAs against importins a3, a4, and a7 and subsequently
with or without Delta1 as indicated. Where indicated, cells were
incubated with DAPT for 24 h. After RNA isolation, quantitative
real-time PCR for Hey1 expression was performed. Hey1 expression
level after Delta1 induction was set to 100% and the other values
related to that. Means ± SD of three independent experiments are
shown
3194 K. Huenniger et al.Taken together, these data suggested that in myoblasts,
NICD is imported into the nucleus mainly by importins a3
and a4, and that reduction of NICD nuclear import affects
downstream Notch signaling.
Discussion
Since its discovery 90 years ago [reviewed in 1], the Notch
pathway became one of the most extensively studied intra-
cellularsignalingpathways.Detailedknowledgeisavailable
on the activation, molecular processing, signal transduction
andinactivationofNotchwithoneremarkableexception,the
transport of NICD into the nucleus [2]. Analysis of putative
NLSs in NICD and their impact on nuclear import were
performed before [22–27]. These data are partially incon-
sistent and the identiﬁcation of a single NLS responsible for
nuclear import of NICD was lacking, as was the elucidation
of the import machinery that would use these signals. A role
of importin b1 in Notch signaling in oligodendrocytic pre-
cursor cells has recently been demonstrated, but on an
immunohistochemical level only [31]. We here show that
one of the four putative NLSs is responsible for the nuclear
targeting of NICD. Mutation of NLS3 prevents nuclear
import in transfected cells, demonstrating that this is the
relevant monopartite NLS. Aster et al. [24] identiﬁed the
same NLS as being responsible for nuclear import of NICD,
but only in conjunction with NLS4. Our data partially con-
ﬁrm Aster et al. although in our experiments the NLS3 is
clearly independent of NLS4. Support for NLS3 being the
relevant NLS also comes from our pull-down data that
demonstrate complete absence of interaction between
NICD-mNLS3 and all importins (Fig. 3b). Using an in vitro
import assay we could show that the nuclear transport of
NICD is mediated by the canonical importin a/b1 transport
pathway.Importinaorb1aloneortransportinarenotableto
transportNICD into the nucleus. The invitro importassay is
well suited to determine the general importin a/b1 depen-
denceofnuclearimport,butdoesnotallowtoreliablydeﬁne
which a-isoform is involved in import of NICD [see dis-
cussion in 32]. However, using additional techniques,
several lines of evidence demonstrate a role for the adaptor
proteins importins a3, a4, and a7 in nuclear import of NICD
and hence Notch signaling. In vitro NICD binds to GST-
importins a3, a4, and a7, but not to a1 and a5, at least not
under our experimental conditions (i.e., in the presence of
competing substrates). GST-NICD binds endogenous
importins a3, a4, and a7, but not a1 from C2C12 cells and
skeletalmuscle.Duetoalackofspeciﬁcantibodies,importin
a5 could not be analyzed in detail. However, GST-importin
a5didnotprecipitateNICD,suggestingthatitdoesnotplaya
majorroleinnuclearimportofNICD.Directvisualizationof
NICD-EGFP nuclear transport demonstrated its dependence
on importins a3, a4, and a7 in living cells. Finally, evidence
that also endogenous Notch signaling is affected by KD of
importins a3, a4, a7, but not a1, came from reporter assays
measuringactivityof endogenousNotch and expression ofa
downstream Notch target, Hey1. In contrast to the direct
visualization experiments, single KD of importin a3o ra4
had little or no effect on endogenous Notch signaling. A
likelyexplanationisthedifferenceinexpressionlevelsinthe
two systems. NotchDE-EGFP is stably overexpressed, and
the EGFP tag stabilizes NICD. In contrast, endogenous
NICD levels are extremely low. Therefore, in case of
NotchDE-EGFP overexpression, a lot of NICD will
encounter a certain amount of importins, maybe in a ratio
close to saturation, and a reduction in either importin a3, a4,
or a7 will have direct effects. In the case of endogenous
NICD, the ratio is shifted towards the importins, therefore
reduction in one isoform is compensated by the availability
of others. Indeed, when importins a3/a4o ra3/a7o ra3, a4,
and a7 were downregulated together, a signiﬁcant reduction
in endogenous Notch signaling was observed. This demon-
strated the redundancy of the importin system, perhaps
reﬂecting the importance of Notch signaling in many
developmental and differentiation events, where it would be
too risky to rely on a single importin isoform. Single KD of
importina7increasedendogenousNotchactivitydespitethe
observation that NICD weakly binds this isoform and NICD
nuclearimportwasreduced(Figs. 2a/b,3c).Perhapsnuclear
import of an unknown Notch inhibitor more strongly
depends on importin a7 than that of NICD. Alternatively, an
off-target effect might be responsible for this observation.
The former explanation would be in line with the lower
afﬁnity of NICDtoimportina7compared tothattoimportin
a3 or importin a4. Likewise, the observed increase in Notch
activity after downregulation of importin b1, which should
affect nuclear import via all importin a isoforms and which
has a clear effect on NICD nuclear import (Fig. 3c), seems
counterintuitive. However, since the KD is not complete, an
explanation could be that NICD import via importins a3 and
a4isnotfullysuppressed,allowingNotchsignalingtooccur.
A partial reduction of nuclear import of the unknown
importin a7-dependent inhibitor could then lead to a net
increase in signaling, like the importin a7 KD does. Others
have made similar observations and found that inhibition of
nuclear import of an inhibitor actually increased Notch
activity [33, 34]. Alternatively, importin-independent
nuclear import mechanisms could explain why NICD
nuclear import is not completely abolished after KD of
importins.
Having identiﬁed the relevant importins for transport of
NICD into the nucleus, it will be interesting to investigate
whether Notch signaling is regulated on the level of nuclear
import, as has been suggested for other signaling pathways
[7, 8].
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